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The anisotropic optical dielectric functions of a metal (cobalt) slanted columnar thin film deposited
by electron-beam glancing angle deposition are reported for the terahertz (THz) frequency domain
using generalized spectroscopic ellipsometry. We employ a simple effective medium dielectric
function homogenization approach to describe the observed optical response. The approach describes
isolated, electrically conductive columns which render the thin film biaxial (orthorhombic). Our
findings suggest controlled variability of dielectric polarizability and anisotropy in the THz spectral
range by choice of geometry, material, and structure. VC 2011 American Institute of Physics.
[doi:10.1063/1.3626846]
Sculptured thin films (STFs) present an interesting class
of self-organized, artificially made materials with three-
dimensional, highly spatially coherent arrangements of nano-
structures. The intrinsic building block is formed of columns
with a controllable inclination angle towards the substrate
surface (Fig. 1). Geometry, dimension, and fabrication mate-
rial are accessible design parameters, and STFs can be tai-
lored to obtain varying physical properties. STF properties
such as reflectance, transmittance, and conductance may dif-
fer significantly from the constituent material’s bulk form.1–3
Contemporary interest in materials for terahertz (THz) elec-
tronic, optoelectronic, and optical applications is redrawing
attention to STFs that may enable designed optical properties
for the THz frequency region. In this frequency range, exist-
ing materials are either purely dielectric and transparent or
electrically conductive and highly absorbing. STFs prepared
from electrically conductive materials offer the interesting
opportunity to design transparent materials with very large
dielectric polarizabilities. The strong polarizability originates
from the highly coherent electrically insulated arrays of sub-
wavelength dipole antennas. Coupling between adjacent
dipoles leads to directionally dependent electromagnetic
response, observable as an optical anisotropy. Few informa-
tion is available on the optical properties and anisotropic
refraction and extinction coefficients of metal STFs.
Recently, we have demonstrated that generalized spectro-
scopic ellipsometry (GSE) in the visible spectral range
serves as an ideal tool for the determination of the aniso-
tropic dielectric properties of STFs.4–6 No information seems
to exist on metal STF optical properties in the THz region.
In this work, we determine the anisotropic optical prop-
erties of a Co STF sample in the THz spectral range. THz-
GSE which has become available very recently is employed
here.7–12 We demonstrate that the anisotropic Bruggeman
effective medium theory (AB-EMA) can be used in order to
accurately describe the anisotropic optical response of the
STFs. Complementary angle-resolved GSE measurements in
the spectral range from 400 to 1680 nm and scanning elec-
tron microcopy (SEM) were performed in order to determine
the thickness of the STF and AB-EMA parameters for
comparison.
The sample studied here is composed of a 450 nm thick
Co STF grown by electron-beam glancing angle deposition
in a customized ultrahigh vacuum chamber onto a low
phosphorous-doped n-type (001) silicon substrate. The depo-
sition was carried out at an angle of 85 between the incident
particle flux direction and the substrate normal. Further
details about the growth process are omitted here and the
interested reader is referred to Ref. 4. The slanting angle of
the Co nanocolumns is 65. A high-resolution field-emission
SEM edge view image of the sample is shown in Figure 1.
The THz-GSE measurements were carried out in the spectral
range from 0.65 to 1.00 THz with a resolution of 1 GHz
using a custom-built frequency-domain THz ellipsometer,
which has been described in detail in Refs. 8 and 11. Experi-
mental THz-GSE data, which are represented here using the
Mueller matrix formalism,13 were obtained at two different
angles of incidence Ua¼ 55 and 65 and for three different
FIG. 1. SEM micrograph (sample tilted 150) of the investigated slanted Co
nanocolumns deposited by glancing angle deposition onto a silicon sub-
strate. The slanting angle is 65.
a)Author to whom correspondence should be addressed. Electronic address:
thofmann@engr.unl.edu.
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in-plane sample rotation angles u¼ 90,135, and 180 and
for which the columnar slanting plane is oriented parallel,
oblique (45), and perpendicular to the plane of incidence,
respectively.
The experimental THz-GSE data sets were analyzed
using a stratified layer model calculation where all model
calculated data were matched simultaneously as closely as
possible to the experimental THz-GSE data sets by varying
relevant physical model parameters (best-model).14 The ani-
sotropic dielectric functions of the Co STF sample is
described here by an anisotropic Bruggeman effective me-
dium approximation. The Bruggeman formalism describes
the homogenization for randomly oriented elliptical inclu-
sions in a homogeneous host medium. This formalism can be
generalized for the case of highly oriented elliptical inclu-
sions.15–18 For highly spatially coherent oriented elliptical
inclusions, the effective dielectric function tensor is
described by the three major components ea, eb, and ec along
the major axes a, b, and c of an orthorhombic system. ej with
j¼ a, b, c are given in implicit form by19
ej ¼ em þ f ðei  emÞejej þ Ljðei  ejÞ ; (1)
where the dielectric permittivity and volume fraction of the
nanocolumnar inclusions are denoted by ei and f, respec-
tively. em is the permittivity of the host medium, i.e., em¼ 1
for the sample under investigation here. Lj are the depolari-
zation factors of the elliptical inclusions along the major
polarizability axes. Regardless of ellipsoid shape, the sum of
the three depolarization factors satisfies Laþ LbþLc¼ 1.18
In the THz spectral range, the dielectric function of the Co
(metal) nanocolumnar inclusions ei is described by the classi-
cal Drude formalism20,21
eiðxÞ ¼ e1  e1
x2p
xðxþ i=sÞ ; (2)
where xp is the screened plasma frequency and s is the aver-
age energy-independent scattering time. The DC conductiv-
ity rdc is related to xp by rdc ¼ e1~e0x2ps, where
x2p ¼ Nq2=ðe1~e0mÞ and l is the mobility given by l¼ qs/m,
~e0 is the vacuum permittivity, N is the free charge carrier
concentration, and q denotes the charge. The high frequency
dielectric constant and the effective mass of the free charge
carriers are denoted by e1 and m, respectively.
For best-match model calculations, a three phase model
consisting of a low doped n-type silicon substrate/Co STF
layer/ambient was implemented. Figure 2 depicts the non-
trivial THz-GSE data M12, M21, and M33 of the Co STF sam-
ple at an angle of incidence of Ua¼ 55 for three different
in-pane rotations u¼ 90,135, and 180. For comparison,
the Mueller matrix spectra of the silicon substrate before Co
STF deposition are plotted. The experimental (dotted lines)
and best-model calculated (solid lines) data are found to be
in very good agreement. The Mueller matrix spectra are
dominated by Fabry-Pe´rot interference pattern originating
from the entire sample. The frequency of the Fabry-Pe´rot in-
terference pattern is determined by the layer thicknesses of
all sample constituents, but it is dominated by the thickness
of the substrate which is 3786 1 lm. At the first glance, one
can observe that the interference amplitude is reduced for the
Co STF sample in comparison to the bare silicon substrate
due to the presence of the nanocolumnar film. It can be seen
in Fig. 2 that the Fabry-Pe´rot pattern observed for the Co
STF sample change as a function of the in-plane rotation
angle. With increasing u, the orientation of the slanted nano-
columns changes from parallel to perpendicular to the plane
of incidence and the damping effect decreases.
Figure 3 depicts the off-diagonal components of the
Mueller matrix of the Co STF sample obtained at an angle of
incidence of Ua¼ 55 and u¼ 135.22 The anisotropy of the
optical response of the nanocolumnar thin film is evident
from the non-zero off-diagonal elements M13, M31, M23, M32
FIG. 2. (Color online) Experimental (dotted lines) and best-model calcu-
lated (solid lines) non-trivial Mueller matrix spectra (upper panel: M12 and
M21, lower panel: M33) for the Co STF sample for three different in-plane
rotation angles u¼ 90, 135, and 180. The spectra for the silicon substrate
before Co STF deposition are shown for comparison.
FIG. 3. (Color online) Experimental (dotted lines) and best-model calcu-
lated (solid lines) off-diagonal Mueller matrix spectra for the Co STF sample
for an in-plane rotation angle u¼ 135.
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which would vanish for an isotropic sample. The best-model
parameters for the AB-EMA depolarization factors are:
La¼ 0.3333(1), Lb¼ 0.3355(1), and Lc¼ 0.3312(1). The
depolarization factors render the dipole shape at the location
of the inclusion and are wavelength dependent. In the THz
frequency range, the polarization fields are produced by
thousands of neighboring nanocolumns. Probed at large
wavelengths, factors Lj render the shape of the induced
polarization almost as a sphere, however, with subtle differ-
ences along and perpendicular to the columnar axis. These
subtle differences are responsible for the anisotropic dielec-
tric functions, which differ all drastically from the corre-
sponding bulk (cobalt) dielectric properties. The best-model
parameters for the STF thickness and volume fraction of the
nanocolumns, d¼ 441(5) nm, and f¼ 33(1), respectively, are
in good agreement with SEM data obtained from Figure 1
and GSE measurements in the NIR-VIS spectral range.23 As
additional structural parameter, we also determined the slant-
ing angle of the intrinsic Cartesian coordinate system of the
polarizabilities ej, as described previously
4–6 and which is
identical with the physical slanting angle of the nanocol-
umns. For the Drude model parameters of the Co nanocol-
umns, we obtained q¼ 1.2(3) 105 X cm and s¼ 239(7)
fs. We find that these parameters are in very good agreement
to those obtained for a bulk-like 100 nm thick Co film on
low doped silicon substrate which was analyzed in the same
spectral range for comparison. The resistivity model parame-
ter of the Co nanocolumns is approximately twice as large as
reported for bulk Co samples.24 Overall, the agreement with
bulk and thin film conductivity is exciting given the limita-
tions of the approximate AB-EMA model approach. The
best-model parameters for the silicon substrate are
N¼ 1.08(4) 1015 cm3 and l¼ 1375(111) cm2/(Vs) if an
electron effective mass of 0.26 m0 (Ref. 25) is assumed. The
anisotropic dielectric functions ej and their coordinate system
are depicted in Fig. 4. The anisotropy induced by the colum-
nar film structure is very large. Note that while the dielectric
polarizability (real part of ej) is larger than for most dielectric
materials, the absorption (imaginary part of ej) is reduced by
approximately two orders of magnitude compared with bulk
or thin film Co. The AB-EMA model approach predicts upon
slight modifications of Drude, fraction, and/or depolarization
parameters that targeted optical properties of STF in the THz
range can be achieved by variation of slanting angle, lateral
column density, and material.
In summary, we have determined the anisotropic optical
dielectric functions of a Co STF sample in the THz range
and applied an anisotropic effective medium approach in
order to identify and describe the orthorhombic dielectric
functions of the STF.
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